angiogenic netrin receptor has remained elusive [1] [2] [3] [4] .
To stimulate neuronal outgrowth, netrin-1 binds Deleted in Colorectal Cancer (DCC), a type I cell surface receptor of the immunoglobulin superfamily critical for neurogenesis ( Figure  1 ). A related DCC family member, neogenin, also promotes axon guidance, whereas members of the uncoordinated 5 family (UNC5A-D) predominantly inhibit neurogenesis. Recent structural studies demonstrate that netrin-1 is able to crosslink its receptors, with DCC/ DCC homodimers promoting chemoattraction and DCC/UNC5 heterodimers promoting chemorepulsion [5] . In the vascular system UNC5B is highly expressed in endothelial cells during embryonic development and pathological angiogenesis and, like the role of UNC5s in repression of neurogenesis, may mediate netrin-1 antiangiogenic activity [3] . However, it has been unclear how the pro-angiogenic activity of netrin-1 is mediated because DCC and neogenin are not detected in most endothelium. The previous lack of a clear angiogenesis-promoting netrin receptor on proliferating vascular endothelium led Mehlen's group to propose that UNC5B could act as a dual purpose "dependence receptor" either stimulating or blocking endothelial apoptosis depending on ligand availability [6] .
In an elegant study recently published in Cell Research, Tao Tu and coworkers from Xiyun Yan's laboratory provide compelling evidence that CD146, an endothelial cell surface receptor of the immunoglobulin superfamily ( Figure  1 ) can stimulate angiogenesis in response to netrin-1 [7] . CD146 was first described in 1987 based on its elevated expression in malignant versus normal melanocytes, and is also called Melanoma Cell Adhesion Molecule (MCAM or Mel-CAM). Soon after its discovery, CD146 was also found to be widely expressed on vascular endothelium and smooth muscle. CD146 is elevated in some tumor types, including melanoma, prostate and breast cancers, and recent studies demonstrate that it can promote epithelial to mesenchymal transition. In cultured endothelial cells CD146 has been shown to promote migration, proliferation and tube formation [7] . Although CD146-null mice are viable, impaired tumor angiogenesis and tumor growth in these mice suggests that this receptor may play a critical role in pathological angiogenesis [8] .
Tu et al. [7] show that netrin-1 directly binds CD146 with high affinity (Kd = 1.3 nM), somewhat higher than its affinity for the repulsive netrin receptor UNC5B (Kd = 5.1 nM). Through deletion analysis they show that the V domain of netrin-1, which contains three laminin-like EGF domains, plays an important role in binding. By analogy with data from the crystal structure of netrin-1 in complex with DCC [5] , regions in both the V domain and the N-terminal VI domain of netrin-1 may bind CD146, potentially explaining the residual binding the authors observe with their V domain mutant. Netrin-1 treatment of endothelial cells resulted in a biphasic response with low doses (50-200 ng/mL) inducing proliferation, migration and tube formation and high doses (1 000-2 000 ng/mL) inhibiting these effects. Knockdown of CD146 inhibited the pro-angiogenic pheno-npg types observed at low doses, whereas knockdown of UNC5B prevented the anti-angiogenic effects at high doses. Importantly, the authors demonstrate the importance of CD146 for angiogenesis in vivo using a CD146 neutralizing antibody and conditional knockout mice that lack CD146 in endothelium. Furthermore, the authors demonstrate that knockdown of either CD146 or netrin-1 leads to a similar defect in parachodal vessel formation during zebrafish development.
Tu et al. find that addition of netrin-1 to endothelial cells is able to induce the formation of an unusually stable CD146 dimer that remains intact following exposure to the anionic detergent SDS. The authors also find that VEGFR2, the main VEGF receptor involved in VEGF-mediated angiogenesis, is rapidly phosphorylated upon addition of netrin-1 to serum-starved endothelial cells, which in turn activates signaling through ERK and p38 kinase, while CD146 knockdown prevents these effects. Netrin-1 was unable to bind VEGFR2 directly, and further studies are needed to determine exactly how these pathways intersect and the biological significance of these interactions in vivo. Like any landmark study, the work raises many new questions. For example, is the pro-angiogenic role of netrin-1 through CD146 completely dependent on the increased VEGFR2 signaling, or can netrin-1 also stimulate angiogenesis independent of VEGFR2? Is VEGF required for the rapid VEG-FR2 phosphorylation in response to netrin-1 -for example, can netrin-1 mobilize matrix-bound VEGF or promote intracrine signaling, or does the purified recombinant netrin-1 contain trace amounts of VEGF? Can CD146 form heterodimers with other netrin receptors, like UNC5B? Can netrin signal through CD146 in non-endothelial cells, such as pericytes and smooth muscle cells that are also CD146 positive?
Another important area concerns the role of netrin/CD146 signaling in pathological angiogenesis. While CD146 has been found to be widely expressed in adult normal vascular endothelium through gene expression profiling and using various anti-CD146 antibodies, for example the s-Endo-1 or the P1H12 antibodies, the AA98 mouse anti-human CD146 antibody developed in Yan's laboratory appears to preferentially label CD146 on tumor-associated endothelium compared to normal endothelium [9, 10] . AA98, which binds the same region of CD146 as netrin-1, prevents dimerization of the receptor [7, 11] . If particular regions of CD146 are uniquely exposed during pathological angiogenesis, for example surfaces on the newly produced monomeric receptor that are normally masked upon ligand binding and dimerization, then this could potentially be exploited for specific targeting of tumor angiogenesis.
Although the knockdown studies in zebrafish and cultured endothelial cells provide important evidence for the role of this receptor in angiogenesis, so far no clear developmental angiogenesis defect in CD146 and netrin-1 knockout mice has been reported. One possible explanation is ligand or receptor redundancy. In that regard, netrin-3 and netrin-4, which have not yet been tested for CD146 binding, have also been found to have angiogenic activity in vivo. Integrins, which are widely expressed on endothelium, have also been implicated as netrin-binding receptors [12] . Another possibility is that the netrin/CD146 interactions are more important for angiogenesis associated with wound repair, ischemia and other pathological conditions than for development. If so, then targeting the netrin/CD146 axis could have important therapeutic implications for various angiogenesis-dependent diseases.
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